Abstract: Intra-oral scanning technology has brought a completely new approach to examination methods in dentistry. In comparison to traditional plaster casts, it allows more precise digital analysis of dental arch components during the treatment of dental disorders. Data acquired can also be used for the creation of three-dimensional (3D) models using 3D printers. This paper describes a data acquisition system, the mathematical processing of resulting three-dimensional model, and the statistical analysis of selected parameters of the dental arch. The study aims at comparing the results achieved from 20 models of the same individual acquired by different specialists. The proposed methodology includes mathematical rotation of objects into the optimal plane defined by the teeth tops' location to increase the accuracy of the resulting parameters. The mean evaluated distances between canines (3-3) and premolars (5-5) are 24.29 mm and 37.98 mm, respectively, for the lower dental arch. The proposed object rotation increased these distance by 0.9% and 1.4%, respectively, reducing the rotation error. Moreover, the variability of results decreased and the mean value of the coefficient of variation was lowered by 12%. Image registration was then used to evaluate changes of dental arch parameters. This paper presents the advantages of digital models for visualisation of the dental arch allowing its flexible rotation and evaluation of its parameters.
Introduction
Dental arch analysis forms an essential tool in examination of stomatological disorders and their treatment. Plaster casts have been used for many years and are now often replaced by digital models [1, 2] that are constructed from magnetic resonance (MRI) records and intra-oral scanners [3] [4] [5] [6] [7] . Digital models introduced in late 1990s overcome several limitations of traditional plaster models that can be easily damaged, require time for model fabrication, and space for their storage [8] .
The use of different sensors is essential for acquisition of digital models to estimate dental arch parameters or to print separate three-dimensional (3D) objects using 3D printers [9] . This modern interdisciplinary approach assumes a combination of knowledge from dentistry [10] , optics [11] , engineering [12] , biomechanics [13] , information technologies [14, 15] , and material sciences. Using digital technologies, orthodontists can more accurately analyze dental problems, their treatment, more precisely specify the refabrication tasks, and collaborate with further specialists as well.
Main types of dental scanners are based upon the mechanical principle with a touch-probe or more preferred contactless light scanners [8] . Figure 1 presents an example of such intra-oral scanner [11, [16] [17] [18] that we used for data acquisition and for construction of a 3D digital model of the lower and upper dental arches. Each scanning device includes a handheld camera that is used to collect surface data inside the mouth region and a computer system to process, analyze and visualise the resulting 3D model. Either laser or white light is used for illumination of scanned area and its reflection is acquired by the sensor in the wand.
Scanning technologies [19, 20] affect the measurement speed and accuracy [21] . The most common include [19] triangulation using laser light [22] , parallel confocal imaging [23] , or fringe interferometry [24] based upon projection of light patterns. Data acquired are processed by different imaging technologies [5, 19] and mathematical methods for object surface construction. The following analysis of digital dental models assumes the application of image processing methods, geometrical modelling [25] , data denoising methods [26, 27] , morphological operations, image registration and statistical evaluation of results. The analysis of different intra-oral scanners [2, 28] together with the application of mathematical methods for data processing, their visualization and evaluation contribute to their efficient use in stomatology [17] .
In the context of medical imaging, image registration allows comparison and analyses of images taken at different times (multitemporal analysis), from different viewpoints, with different image acquisition devices (multimodal analysis; e.g., MRI and CT) or with different patient positions. In medicine, registration is required to monitor tissue evolution in time, for treatment verification, in surgery, and so on. These methods are also very important in dentistry to compare images of dental arches taken at different times.
The present paper is devoted to data acquisition recorded by an intra-oral scanner working on a contactless measurement basis and presented in Figure 1 . A set of 20 records from one patient formed the database for the evaluation of dental arch parameters and for the estimation of their accuracy. To increase the reliability of the measurement, electronic dental arch models were rotated into the specific dental planes defined by the tops of individual teeth. This approach allowed a more precise comparison of dental arch changes [14] for separate scans. Principle of 3D intra-oral scanning (using a handheld camera and a computer system) device (Trios/3shape) for data acquisition and for the 3D model construction: (a) 3D scanning; (b) Data processing steps.
Methods

Data Acquisition
The digital dental model construction, processing and analysis are based upon data acquired by the widely used Trios system. This intra-oral scanning device, introduced by the 3shape company in 2010, uses advanced parallel confocal imaging and point-and-stitch methods to reconstruct surfaces from data points. Figure 1 presents the use of the wand for data acquisition (with a heating system to prevent lens fogging) and the fundamental steps of data processing. In principle, the device [29] [30] [31] captures sets of two-dimensional (2D) images of the oral cavity with its lower and upper jaws and combines them into the 3D objects. This system is based on ultrafast optical sectioning technology [19] to construct the 3D model of the surface geometry with the possibility of using function tolerances to control and evaluate error in geometrical modelling [32] . The Trios software is also able to detect areas with missing data that must be rescanned. A comparison of the Trios system with further intra-oral scanners in [33] presents its very high resolution of 23,500 triangles and line deviation bellow 25 µm.
The 3shape opened its Trios intra-oral scanner system for stereolithography (STL) file export in 2017. The present paper uses these data to construct the digital model that can be visualised and processed by the appropriate mathematical tools. Results obtained in the MATLAB (R2018a, The MathWorks, Inc., Natick, MA, USA, 2018) environment are presented in Figure 2 . The processing steps of the point cloud data acquired by the intra-oral scanner include:
(a) Visualisation of the STL data allowing the surface model rotation and its detailed study from different view-points, (b) The STL data transform and the spatial model construction in the selected coordinate system enabling application of specific mathematical methods for data processing, (c) The detailed 3D model and contour plot construction of all teeth allowing detection of specific surface areas for further processing and evaluation of dental arch parameters.
The proposed experiments included the 3D intra-oral scanning of the lower and the upper dental arch of one individual (female, 25 years old) during one day by different specialists, and analysis of 20 experiments to show the reproducibility of selected dental arch parameters and the reliability of electronic models to replace the plaster casts that are frequently still in use in stomatology [1] . 
Data Processing
The proposed algorithm of the processing of point cloud acquired by the intra oral scanner and exported into the STL file includes the following steps:
1. Data acquisition, their visualisation and transform into the 3D space in the selected coordinate system, 2. Data preprocessing using linear and nonlinear filters to reject noise components, 3. Estimation of the dental plane defined by tops of individual teeth using the least square method, 4. 3D data rotation into the horizontal plane and image registration, 5. The use of the digital model for evaluation of selected dental arch parameters.
Data acquired by the intra-oral scanner in the STL format were imported into the computational environment of MATLAB 2018a to reject noise components by median filtering using the moving 5 by 5 mask. The 3D digital model presented in Figure 2b was then processed to find contour levels presented in Figure 2c for a selected tooth (molar).
The contour plot of the acquired dental arch model was used to obtain 3D coordinates of tops of individual teeth to define the dental plane. Its parameters were evaluated by the least square method from these positions. Figure 3a presents the spatial locations of these points related to individual teeth. The dental plane is in general defined by relation
in the selected Cartesian coordinate system and the coefficients {a(i)} 4 i=1 are evaluated by the least square method. The normal vector to this plane and its direction cosines were then evaluated by relation cos(α)=a(1)/r, cos(β)=a(2)/r, cos(γ)=a(3)/r
for r = −sign(a(4)) a(1) 2 +a(2) 2 +a(3) 2 defining the angles of the normal vector with positive half-axis in each direction. These angles were then used to find the parameters for rotating all the objects around individual coordinates into the horizontal plane.
To follow the progress of the treatment, it is necessary to compare objects or the complete dental arch of the same individual recorded at different instants. This registration process should be applied to images rotated into the same planes. From the computational point of view, it assumes the combined transform including scaling, rotation, translation and shear of data points {x(i), y(i)} into their new position {X(i), Y(i)} performed [34] [35] [36] by matrix multiplication
with properly evaluated values of the transform matrix. For the rigid transform, corresponding fixed points in associated images can be selected for specification of the registration.
Results
Figure 4a presents a selected 3D digital model acquired by an intra-oral scanner. Details of the right canine and premolar teeth show the selected number of contour levels for visualisation of their shape. The same dental arch after the rotation into the horizontal dental plane is presented in Figure 4b . Details of the contours projected to each tooth were then used for a better localisation of specific teeth regions to estimate their parameters. Table 1 presents the distances between the corresponding teeth evaluated from the original (O) digital model and from the model after its rotation (R) into the horizontal plane for the lower and upper dental arch. The last row presents coefficients of variations (CV) as a standardized measure of dispersion defined by standard deviations related to mean values. The mean CV was lowered from 0.66% to 0.58% in this case. Figure 5 presents distances between corresponding objects of the dental arch evaluated from the digital model before and after its rotation into the horizontal dental plane with their mean values. On average, object rotation increases all distances by 0.99 % and 0.8 % for the lower and upper dental arch, respectively. The detailed results are presented in Table 2 . Table 1 . Distances between corresponding teeth evaluated from the original (O) digital model and from the model after its rotation (R) into the horizontal dental plane for the lower and upper dental arch with coefficients of variations (CV) in the last line.
Lower Dental Arch Distances [mm]
Upper Figure 5 . Mean distances between corresponding objects of the dental arch evaluated from the digital model before (O) and after its rotation (R) into the horizontal dental plane. The standard deviation for the upper dental arch is more than double of that of the lower dental arch, which is caused by the more complicated scanning of the upper arch. Both operators were right-handed. When handling the intraoral scanner in the right hand, it is quite difficult to keep continuous scanning of the dental arch and to avoid skipping some places, which may be one of the reasons for the clear difference in standard deviation of measurements of upper and lower dental arch. It is also impossible to control the scanning by direct sight into the oral cavity and the scanning process in the upper jaw is only controlled on the monitor of the scanner itself. In addition, the anatomy of the cheeks and upper dental arch makes it more difficult to handle the scanner in the right position. Finally, some individual variations among patients, for example in shape of hard palate, may influence the comfort and precision of scanning of the upper jaw. Figure 6a presents the process of registration of the base and input images (on the left and right, respectively) of the same individual rotated to the horizontal dental plane. Results of this registration presented in Figure 6b were used for parabolic approximation of the dental arch by a function
for x in the range of minimum and maximum values on the horizontal axes. Distances between symmetrical values of this function evaluated for the base and registered images is lower than 4%.
(a) (b) Figure 6 . The process of registration of the base and input images (on the left and right of (a), respectively) and result of registered images of the same individual: (a) Image registration with selected fixed points; (b) Two lower dental arches (2a.stl and 3a.stl) registered by fixed points.
Conclusions
This paper presents a description of the use of an intra-oral 3D scanner for dental data acquisition and of the analysis of dental arch parameters based upon the final digital model. Our results show that the mathematical processing of digital data can reduce the error in the evaluation of dental arch parameters. Moreover, the rotation of digital models into the horizontal plane and their registration can simplify the comparison of scans acquired during the treatment at different time instants.
The object rotation from the dental to horizontal plane increased the evaluated distances by 2.9% in the average for the set of 20 experiments. The proposed methodology enabled (i) to register separate images in the same plane allowing their more simple comparison and (ii) to decrease the variability of results. In the given case, the mean coefficient of variation was lowered by 12%.
The specification of reference points of individual teeth on the surface plot defined by the 3D intra-oral scanner was improved by the contour lines of the surface with their selected density. The contour plots allowed a more precise analysis of the shape of the individual teeth.
Future studies will be devoted to the analysis of more extensive data sets and larger number of patients of different sex and age. Specific studies will be further devoted to the use of digital models for 3D prints [37] of individual teeth and for the selection of appropriate materials during the treatment of possible disorders. The progress of dental materials replacing natural ones is very fast and 3D prints can form an alternative for their use. Funding: This research received no external funding.
